Scrapie prion infectivity can be enriched from hamster brain homogenates by using limited proteolysis and detergent extraction. Purified fractions contain both scrapie infectivity and the protein PrP 27-30, which is aggregated in the form of prion rods. During purification, PrP 27-30 is produced from a larger membrane protein, PrPSc, by limited proteolysis with proteinase K. Brain homogenates from scrapie-infected hamsters do not contain prion rods prior to exposure to detergents and proteases. To determine whether both detergent extraction and limited proteolysis are required for the formation of prion rods, microsomal membranes were prepared from infected brains in the presence of protease inhibitors. The isolated membranes were then detergent extracted as well as protease digested to evaluate the effects of these treatments on the formation of prion rods. Neither detergent (2% Sarkosyl) extraction nor limited proteinase K digestion of scrapie microsomes produced recognizable prion amyloid rods. Only after combining detergent extraction with limited proteolysis were numerous prion rods observed. Rod formation was influenced by the protease concentration, the specificity of the protease, and the duration of digestion. Rod formation also depended upon the detergent; some combinations of protease and detergent did not produce prion amyloid rods. Similar results were obtained with purified PrPSc fractions prepared by repeated detergent extractions in the presence of protease inhibitors. These fractions contained amorphous structures but no rods; however, prion rods were produced upon conversion of PrPSC to PrP 27-30 by limited proteolysis. We conclude that the formation of prion amyloid rods in vitro requires both detergent extraction and limited proteolysis. In vivo, amyloid filaments found in the brains of animals with scrapie resemble prion rods in their width and their labeling with prion protein (PrP) antisera; however, filaments are typically longer than rods. Whether limited proteolysis and some process equivalent to detergent extraction are required for amyloid filament formation in vivo remains to be established.
Many investigators have used the electron microscope to search for a scrapie-specific particle. They have described a wide range of structures, including spheres, rods, fibrils, and tubules, in scrapie-infected brain tissue and its extracts (12, 17, 32, 36, 40) . The first scrapie-specific structures to be identified were spherical particles within postsynaptic evaginations of scrapie-infected mouse brains (12) . Similar particles were found in scrapie-infected sheep brains (5) and brain tissue of patients dying of Creutzfeldt-Jakob disease (8) .
In crude extracts of scrapie-infected rodent brain, fibrillar structures were observed and designated scrapie-associated fibrils (SAF; 36). The SAF were differentiated from amyloids and cytoskeletal elements by their well-defined morphology. Two types of fibrils consisting of either two or four helically wound subfilaments with periodic crossings and spaces of 4 to 6 nm between them were described (35, 36, 38) .
In purified fractions prepared from the brains of scrapieinfected Syrian golden hamsters, rod-shaped, elongated particles (10 to 20 nm in width by 100 to 200 nm in length) have been found (31, 45, 48) , but no unit morphological structure has been identified (31) . These purified fractions containing rods had high scrapie infectivity titers and one major protein (PrP [27] [28] [29] [30] (2, 31, 47, 48) .
During the development of new purification protocols for scrapie prions, we obtained fractions that were enriched for scrapie infectivity and a 33-to 35-kDa protein designated PrPSc that lacked prion rods (19, 61) . To prevent any proteolysis during purification and the concomitant formation of PrP 27-30 from PrPSc (43), we added proteolysis inhibitors to buffers prior to the homogenization of infected brains. The absence of prion rods in these fractions was puzzling, since we had previously reported that the detergent extraction of microsomal membrane alone appeared to result in the formation of rods (39) . Therefore, we designed the study reported here to determine the conditions for formation of scrapie prion rods in vitro. We found that both detergent extraction and limited proteolysis of PrPSC are required for prion rod formation.
SCRAPIE PRION RODS FORM IN VITRO
1341 adapted isolate of scrapie prions was passaged in Lak/LVG randomly bred Syrian golden hamsters from Charles River Laboratories (Lakeview, N.J.) as previously described (14) . Titers of scrapie prions were determined by measuring the intervals from inoculation to the onset of neurological illness and to death (33, 46) . Preparation of microsomal membranes. Normal and scrapie-infected hamster brains were homogenized by a polytron for 10 s in 320 mM sucrose with or without protease inhibitors (1 mM PMSF and 1 ,ug of leupeptin per ml) to produce a 10% (wt/vol) homogenate. After the homogenate was centrifuged at 5,000 x g for 20 min, the pellet was discarded and the supernatant was sedimented for 1 h at 100,000 x g. The resulting pellets were resuspended in 15 ml of 150 mM NaCl and 20 mM Tris-HCI at pH 7.4, with or without protease inhibitors, and were sedimented again at 100,000 x g for 60 min. Pellets from this centrifugation were resuspended in 4 ml of 10 mM Tris-HCl at pH 7.4. All procedures were done at 4°C. Pellets were then held at -20°C for analysis. Membrane pellets prepared in this way from scrapie-infected brains were enriched for scrapie prion infectivity (45, 48) . Although the isolated membrane fraction was undoubtedly contaminated with some nuclear and mitochondrial membranes due to disruption of nuclei and mitochondria with the polytron, we refer to this fraction as a microsomal membrane fraction for convenience.
Purification of PrPSc. Scrapie-infected hamster brains were processed by repeated detergent extraction in the presence of protease inhibitors, as previously described, to purify PrPSC in the absence of proteolytic digestion (61) .
Cell lines. Scrapie-infected subclones of murine N2a and hamster HaB cells were maintained and passaged as described previously (9, 59, 60) .
Antibodies. Monoclonal antibodies 13A5 raised against purified hamster PrP 27-30 (3) as well as polyclonal antiserum R073 raised against SDS-polyacrylamide gel electrophoresis (PAGE)-purified PrP 27-30 (55) were used for immunoblots and immunoelectron microscopy.
Experimental protocol. To determine what conditions facilitated prion rod formation during detergent extraction and proteolysis of microsomal membranes, 50 aliquots of microsomal membrane were subjected to various combinations of detergent and protease for different lengths of time. Thirty-five-microliter aliquots of membranes were extracted with detergent by adding 10 ,u of a 10% stock detergent solution and 5 p.l of water. Samples were mixed and incubated at 37°C for 30 min. Similarly, 35-pI aliquots of microsomal membranes were subjected to limited proteolysis by adding S [l of a 1-mg/ml stock solution of protease and 10 RI of water. Aliquots that were both detergent extracted and partially hydrolyzed contained 35 pul of microsomal membranes, 10 pI of 10% detergent stock, and 5 pL of protease stock solution. Following all incubations, protease activity was stopped by the addition of PMSF to a final concentration of 5 mM.
To determine if prion rods could be formed from cell lysates of scrapie-infected cells, confluent monolayers of cells were mechanically scraped from the surface of the culture dish, washed in phosphate-buffered saline (PBS), and then resuspended in 2 ml of STE buffer (50 mM Tris-HCl, [pH 7.5] , 150 mM NaCl, 10 mM EDTA) and placed on ice (59) . Proteins were extracted from cells on ice by adding 150 pI each of 10% deoxycholate and 10% Nonidet P-40. After 5 min, samples were pelleted at 3,000 x g (Beckman J6; JS 5.2 rotor) for 5 min. The supernatants from this centrifugation were collected and precipitated at -20°C overnight with 4 volumes of methanol. Pellets from these procedures were collected as described for preparations of microsomal membranes and stored for protein analysis.
Electron microscopy and immunoelectron microscopy. For electron microscopy of total membrane aliquots, the preparation of support films, adsorption of samples to treated films, removal of detergent, and negative staining of samples were as previously described (31) were stained with 2% uranyl formate as described previously (31) .
Protein analysis. SDS-PAGE was performed according to the method of Laemmli (28) . Western blot (immunoblot) analysis (4) was performed as described previously with 0.01% SDS in the electrotransfer buffer (61) . Some polyacrylamide gels were stained with silver as described previously (61) .
RESULTS
Formation of prion rods from PrPSC. Scrapie prion rods formed during prion purification from hamster brain only after both the detergent extraction and limited proteolysis of membrane-associated PrPSC. Before extraction or proteolysis, membrane fractions which were highly enriched for scrapie prion infectivity contained only amorphous vesicles (Fig. IA) . Detergent extraction dispersed the membrane vesicles into small pleomorphic fragments (Fig. 1B) but had no effect on the size of PrPSc (Fig. 1E , lanes 1 and 2). After limited proteolysis with proteinase K, most of the PrPSc in membrane vesicles was converted to PrP 27-30 ( Fig. 1C and E, lane 3). Simultaneous detergent extraction and limited proteolysis converted all PrPSC to PrP 27-30 and resulted in the elimination of membrane vesicles and the formation of prion rods ( Fig. 1D and E, lane 4). Scrapie prion titers were unchanged as a result of these treatments (Table 1) .
Electron microscopy of microsomal membrane fractions before any treatment showed that prion rods were present only in fractions to which rods had been added exogenously ( This experiment demonstrated that prion rods were not hidden in the microsomal membrane fraction.
When PrPSC was purified from scrapie-infected hamster brains in the absence of proteolytic digestion, no prion rods were found. Electron microscopy of the PrPSC fractions showed only amorphous vesicles (Fig. 3A) . After limited proteolysis of the PrPSc fractions in the presence of detergent, prion rods were formed (Fig. 3B ). The combination of detergent extraction and limited proteolysis converted PrPSc to PrP 27-30 ( Fig. 3C) .
Variations in prion rod morphology. The morphology of prion rods varied depending on the particular protease and detergent chosen. Extraction of membranes with either 2% (wt/vol) SDS or Sarkosyl in combination with limited proteolysis by either proteinase K or pronase formed elongated structures morphologically identical to the prion rods described above (Fig. 4A to F) . The limited hydrolysis of Prpsc, presumably at its N terminus, by using either pronase or trypsin in combination with Sarkosyl extraction (7) generated a PrP molecule species larger than PrP 27-30 ( Fig. 4G) and produced elongated particles which generally were longer than the prion rods formed during limited proteinase K digestion and Sarkosyl extraction of an identical sample (Fig. 4A , B, D, and E). No prion rods were formed when membranes were proteolyzed in the presence of the detergents deoxycholate or Nonidet P-40 (Table 2) . Similarly, proteases which hydrolyzed either none of the PrPSc molecule (collagenase) or probably only a few amino-terminal amino acids (e.g., leucine aminopeptidase) did not generate rods in the presence of detergent (Fig. 4D, lanes 1 and 4) .
When the product of proteinase K concentration (micrograms per milliliter) multiplied by the incubation time (minutes) exceeded 600 for the experimental conditions tested, PrP 27-30 was formed. Electron microscopy of proteasedigested membrane fractions showed that rods were present only when PrP 27-30 had been formed. Either a longer exposure to a lower concentration of proteinase K or a shorter exposure to a higher concentration of proteinase K which resulted in numbers of >10,000 reduced the overall rod length. The length of time required to form prion rods depended upon the time for hydrolysis of PrPSc to smaller PrP species. Trypsin hydrolyzed PrPSc to a 31-to 34-kDa species, and rods were formed at a value of 600, as was the case for proteinase K in the presence of detergent, as described above. In contrast, pronase-hydrolyzed PrPSc formed amyloid rods at a value of 100 in the presence of detergent.
Prion Immunoelectron microscopy localization of PrP in membranes and rods. Immunogold labeling of membrane fractions confirmed the presence of PrP species in membranes before and after hydrolysis with proteinase K (Fig. 7) . In control experiments, no colloidal gold was found when preimmune serum was the primary antibody (Fig. 7A ).
Hydrolysis by proteinase K reduced slightly the amount of gold labeling in membranes (Fig. 7C) . This result may be due to the removal of PrPc from the membranes by hydrolysis.
The observed immunogold labeling is presumably attributable to PrP 27-30, which was formed during the limited digestion of PrPSC (Fig. 1E, lane 3) .
Immunogold labeling of samples after both detergent extraction and limited proteolysis showed that the PrP 27-30 formed from PrPSC is primarily in prion rods. Optimal immunogold labeling of PrP 27-30 in the prion rods occurred after partial denaturation in 3 M urea. As in the case of the membranes, no labeling of rods with colloidal gold was observed when preimmune serum was used as the primary antibody (Fig. 8A) . With immune serum, colloidal gold particles were localized primarily over prion rods (Fig. 8B) . bAl DISCUSSION Our studies demonstrate that prion rods form in vitro when microsomal membranes from scrapie-infected hamster brains undergo both detergent extraction and limited proteolysis. When proteolysis was prevented during the purification of PrPSC from infected brains, highly infectious fractions containing amorphous structures but devoid of prion rods were obtained (Fig. 3) . Subsequent detergent extraction and limited proteolysis of these amorphous fractions produced prion rods; scrapie prion infectivity was undiminished after this treatment (Table 1) (38) .
The ultrastructure of negatively stained prion rods was found to be indistinguishable from many purified amyloids. Additionally, polarization microscopy after Congo red staining has established that prion rods possess the tinctorial properties of amyloid (48) . Subsequent studies with antibodies raised against showed that both amyloid plaques in the brains of experimental animals and humans with prion diseases and amyloid rods in purified brain extracts contain prion proteins (4, 13, 27, 50 (63) and humans (25) . PrP-immunoreactive plaques have been found in Syrian hamsters (4, 13, 29) , Chinese hamsters (29) (26) . In some cases, amyloid fibrils are not formed after specific amino acid substitutions in the synthetic peptides result in severe stacking strains between the peptides as they associate for assembly into amyloid fibrils (26) . Prion rods formed in vitro and PrP-reactive amyloid plaques deposited in vivo are similar in several respects. First, both prion rods and amyloid filaments satisfy morphological criteria prerequisite for amyloid. They are reactive with Congo red and exhibit green birefringence under polarized light (4, 22, 48) . Additionally, both structures contain straight, unbranched, intermediate-size filaments (13, 31, 64) . The amyloid filaments have been described in thin sections only, since their lack of abundance apparently precludes their visualization in purified fractions by electron microscopy. Second, immunoelectron microscopy demonstrates the presence of both PrP 27-30 in prion rods and PrP within prion amyloid filaments comprising plaques in scrapie-infected hamster brains (2, 13, 64) . Third, neither prion rods nor amyloid filaments in plaques are required for propagation of scrapie infectivity. Ultrastructural analyses of (i) scrapie brain homogenates, (ii) sonically disrupted prion-containing fractions, (iii) liposomes into which prions have been incorporated, and (iv) scrapie-infected hamster and murine cells in culture show no demonstrable prion rods (20, 31, 39) . However, each of these samples, except cells in 4) were prepared and handled as described in Fig. 1A to D, respectively. Polyclonal antibody R073 was used to detect prion proteins. Molecular mass markers (kilodaltons) are shown on the right.
-3 I culture, had high prion titers. Similarly, PrP amyloid plaques are infrequently found in the brains of Armenian hamsters as well as the brains of New Zealand White and I/Ln mice terminally ill with scrapie; however, high prion titers are found in these tissues. Thus, neither prion rod nor amyloid plaque formation are requisite for scrapie pathogenesis and infectivity.
Immunoelectron microscopy has been used to demonstrate the presence of PrP species in prion rods and prion amyloid filaments (2, 13, 64 in PrP amyloid plaques in vivo (56) . The possibility of a second component or factor being involved in prion rod formation might explain the experimental results described in Fig. 5 , where limited proteolysis of PrPSC to form PrP 27-30 prior to detergent extraction failed to produce prion rods unless the protease was active during the extraction process. Perhaps proteolysis of a second component such as a proteoglycan occurs only in the presence of detergent and this hydrolyzed proteoglycan is necessary for polymerization. An alternative possibility is that N-terminal hydrolysis of PrPSc in the absence of detergent is insufficient for prion rod formation, even though the PrP product migrates as a 27-to 30-kDa protein on SDS-PAGE, and further hydrolysis of a few additional N-terminal amino acids occurs when detergent is added. Whether either of these explanations is correct or some other mechanism is responsible for our observations is uncertain.
The observation that prion rods form as a result of limited proteolysis and detergent extraction of PrPSC is at odds with the hypothesis that scrapie is caused by an elongated particle which is the first example of a filamentous animal virus (35) . Many investigators have sought virus-like particles in scrapie-infected tissue preparations (6, 10, 11, 40, 41, 62) . Considerable effort has been expended in search of scrapiespecific particles (1, 16, 42 ). One such putative particle is stated to be SAF, first described as abnormal, fibrillary structures in crude preparations from scrapie-infected animal brains (36) . The periodicity of SAF subfilaments as well as the spaces between them were repeatedly used to distinguish SAF from cytoskeletal elements and amyloids (35) (36) (37) (38) .
While SAF have characteristic and well-defined structures with periodic crossing of the subfilaments, the prion rods are quite variable in structure, like many purified amyloids (48) . Furthermore, SAF were reported to neither stain with Congo red dye nor exhibit green-gold birefringence under polarized light (22, 48) . Although SAF were once distinguished from amyloid, they have in recent years acquired the same properties as those ascribed to both amyloid and prion rods (34, 36, 38, 52, 57, 58) . Some investigators believe that this change in terminology is premature and unjustified on the basis of published experimental data (15, 47) .
Our results demonstrate that the production of rod-shaped particles found in purified preparations of prions requires a combination of detergent extraction and limited proteolysis of PrPSc. Yet the infectious particle causing scrapie may exist in a multitude of forms (21, 44) . Whether molecules in addition to PrP 27-30 feature in the formation of amyloid polymers either in vitro or in vivo remains to be established. However, molecular biological and transgenetic studies have clearly shown that the PrP sequence plays a central role in the formatIon of central nervous system amyloid plaques (49, 53) .
